Although historically regarded as a homogeneous cell population, astrocytes in different brain regions exhibit differences in their physiological properties, such as gap-junction coupling, glutamate uptake dynamics, and intracellular Ca astrocytes, suggesting a less-specific molecular identity of these astrocytes. Overall, our study has unveiled molecular differences between adult cortical astroglial subpopulations, shedding new light on understanding their unique functions in the adult cortex.
ity exists not only inter-regionally but also intra-regionally. Despite the characteristic laminal organization of cortical layers and multiple sources of radial glia progenitors for (astro)gliogenesis, the molecular profile and functional properties of astroglial subpopulations in the adult cerebral cortex remain essentially undefined. Using two astrocyte reporter mouse lines: eaat2-tdTomato and Bac aldh1l1-eGFP, we identified tdT astrocytes, suggesting a less-specific molecular identity of these astrocytes. Overall, our study has unveiled molecular differences between adult cortical astroglial subpopulations, shedding new light on understanding their unique functions in the adult cortex.
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| INTRODUCTION
Astrocytes are an indispensable cell type in the CNS with many important and versatile functions, ranging from structural and metabolic support to modulation of synaptogenesis and synaptic transmission (Clarke & Barres, 2013) . Astrocytes exhibit significant functional and molecular heterogeneity in vitro and in vivo (Chaboub & Deneen, 2012; Oberheim, Goldman, & Nedergaard, 2012) , especially in a region-dependent manner (Fuentealba, Alvarez-Buylla, & Rowitch, 2015; Zhang & Barres, 2010) . Recent in vivo profiling of astroglial mRNAs in major cortical and subcortical brain regions also found an interesting dorsal to ventral expression pattern of astroglial translating mRNAs (Morel et al., 2017) . A recent cell-surface marker screening also defined several astrocyte subpopulations, with significantly distinct molecular signatures, in the brain of Bac aldh1l1-eGFP mice (John Lin et al., 2017) . Functionally, regional astrocytes exhibit different levels of gap-junction coupling (Batter et al., 1992) , glutamate uptake dynamics (Danbolt, 2001; Regan et al., 2007) , and inwardrectifying K + currents (Olsen, Campbell, & Sontheimer, 2007) . In particular, brain stem astrocytes are able to uniquely modulate the inspiratory rhythm in response to environmental pH changes (Gourine et al., 2010) .
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Astrocyte heterogeneity exists not only inter-regionally but also intra-regionally. In the cerebellum, dorsal Bergmann glia and ventral velate astrocytes show opposite expression patterns for a number of synaptic proteins, such as GluA1, GluA4, GLAST, Kir4.1, and GLT1 (Farmer et al., 2016) . Subsets of striatal astrocytes selectively respond to dopamine receptor D1 (DRD1) or D2 (DRD2) medium spiny neuronal (MSN) activity and subsequently activate NMDA receptors in homotypic but not heterotypic MSNs (Martin, Bajo-Graneras, Moratalla, Perea, & Araque, 2015) . Cortical astrocytes are originated from radial glia (RG) in the ventricular or subventricular zone (VZ or SVZ) during the late embryonic or early postnatal phase when RG transition from GLAST + /Nestin + to GLAST + /Nestin − progenitors (Siddiqi et al., 2014) . Continuous local proliferation of newly generated protoplasmic astrocytes during the first 2-3 weeks postnatally is considered the major source of cortical astrocytes (Ge, Miyawaki, Gage, Jan, & Jan, 2012) . Despite the characteristic laminal organization of cortical layers and VZ/SVZ sources of RG progenitors, intracortical astrocyte diversity has just begun to be understood. Cortical layer I astrocytes appear to strongly express glial fibrillary acidic protein (GFAP) with reduced cell density (Muralidhar, Wang, & Markram, 2013) . Primate cerebral cortex layer I contains a large number of GFAP + /CD44 + interlaminar astrocytes (Colombo & Reisin, 2004) , which extend long, straight, but less branched processes into deeper layers (Sosunov et al., 2014) . There are also primate-specific varicose projection astrocytes which primarily reside in layers V-VI (Oberheim et al., 2009 ).
In 
| MATERIALS AND METHODS

| Animals
The eaat2-tdT transgenic mice (C57Bl6/FVB mixed background) were generated as previously described (Yang et al., 2011) . Bac aldh1l1-eGFP (Cahoy et al., 2008) transgenic mice (C57Bl6/FVB mixed background)
were obtained from the GENSAT project through The Jackson Laboratory (stock#: 030247 Bar Harbor, ME, USA). Both male and female mice were randomized in all experiments. All mice were maintained on a 12 hr light/dark cycle with food and water ad libitum. Both male and female mice were used for all experiments. All procedures were in strict accordance with the National Institutes of Health Guide for the Care 
| Astroglial domain analysis
Reconstruction and measurement of cortical astroglial domain size were performed using Imaris (Bitplane, Zurich, Switzerland). All confocal images of tdT fluorescence from cortex of eaat2-tdT transgenic mice (P60) for Imaris analysis were taken with a 40× oil immersion objective lens. Images were taken under optimized settings to best illustrate the astroglial morphology. The 3D reconstruction images were first made using original confocal Z-stack images in Imaris software, as previously described (Morel, Higashimori, Tolman, & Yang, 2014) . Briefly, the surface tool was used to build the astroglial domain. This function uses an automatic smoothing of the image with the Gaussian filter. The tdT fluorescence negative area in each of the confocal stack images was used as the internal control to determine the background fluorescence.
The sensitivity threshold (absolute intensity) was manually adjusted so that the generated astroglial domain in the 3D image matches with that in the original confocal image. The cell somas were then detected based on size (≥12 μm in diameter) and used as seeding points to build the 3D
domain. The quality (intensity) threshold was also manually adjusted to ensure that all cell somas were detected in a given image. The seeded watershed algorithm enables the Imaris software to recognize and split the domains of neighboring cells. The cells that were only partially included in confocal and 3D images were excluded from analysis. Overlapped domains were also carefully examined to ensure accuracy. The volume size of individual astroglia can be directly measured from generated 3D domains in Imaris. The expression levels of tdT have no effect on the labeling and quantification of astrocyte domain size, as previously shown (Morel et al., 2014) by dye fill of astrocytes. In voltage-clamp mode, the clamp potential was set at the resting membrane potential of astrocytes and the dye was injected into the cell by applying 0.5 s negative current pulse (1 Hz) until astroglial processes were completely filled. After the cells were filled, slices were immersed in 4% PFA overnight at 4C, rinsed in PBS, and mounted using Invitrogen ProLong Gold mounting medium.
| Brain slice preparation
2.6 | Preparation of cortical cell suspension, fluorescence activated cell sorting of astrocytes, and RNA isolation
The total cortex of double Bac aldh1l1-eGFP + eaat2-tdT + transgenic mice (P60-90) was used for FAC sorting to increase yield. Animals were deeply anesthetized with Ketamine (100 mg/kg) + Xylazine were spun down and RNA was isolated from the cell pellet using the standard TRIzol reagent.
| RNA-Seq analysis
The 100 bp paired-end sequencing for all prepared sequencing libraries was carried out at the Tufts Genomics Core Facility using an Illumina HiSeq 2500 sequencer. RNA-sequencing libraries were assigned randomly to sequencing lanes to avoid lane bias. 
| qRT-PCR
For qRT-PCR of mouse genes, RNA isolated from FAC sorted cells was converted to cDNA using a high archive cDNA synthesis kit (Applied Biosystems, Foster City, CA). The relative expression levels of selected genes were measured using SYBR Green (Life Technologies, Carlsbad, CA) reagent and specific primers for analyzed genes were chosen from PrimerBank (https://pga.mgh.harvard.edu/ primerbank/).
| Experimental design and statistical analysis
Sample size and statistical approach used for each experiment are described in each method section and in figure legends. Briefly, for FACS and RNA-seq, two replicates were included from separate mice;
for astrocyte recording, 16-20 astrocytes from 4 to 6 mice/group were used. The G*Power (version 3.1) was used to estimate the reasonable sample size. All statistical analyses were performed using GraphPad Prism6. All values were plotted as the mean AE SEM. For multiple groups (> 2), one-way ANOVA was used to analyze the variance, followed by a Tukey post hoc test to compare multiple groups.
For two-group comparison, Student's t-test was used. Statistical significance was tested at a 95% (p < .05) confidence level and was denoted with an asterisk (*p < .05; **p < .01; ***p < .001).
3 | RESULTS
| Identification of astroglial subpopulations in the adult cortex
The majority of cortical astrocytes are produced in an unusual way by local proliferation from newly born and differentiating protoplasmic astrocytes during postnatal 2-3 weeks (Ge et al., 2012) , although radial glia from the ventricular or subventricular zone are the initial (astro)glial progenitors during (astro)gliogenesis (Freeman, 2010) . Previous observations have found that conventional GFAP immunostaining only labels a limited number of astrocytes (especially in layer I) in physiological conditions (Cahoy et al., 2008) even though astrocytes are abundantly present in the adult cortex, leading to speculation that there are astroglial subpopulations in the cortex. The laminal organization of the cerebral cortex from layers I-VI also makes it interesting to explore whether there are layer-based astrocyte subpopulations in the cortex.
We previously generated astrocyte reporter eaat2-tdTomato (tdT) mice in which the tdT reporter is widely expressed in cortical astrocytes (Morel et al., 2014; Yang et al., 2011) , facilitating the identi- surface images using Imaris software (Morel et al., 2014) . We also showed that the expression levels of the tdT reporter have no significant effect in labeling the full morphology of astrocytes, following the comparison of dye-filled and tdT labeled astrocyte morphology (Morel et al., 2014) . Using this approach, the ramification differences (Lanjakornsiripan et al., 2018) .
To quantitatively define cortical astrocyte subpopulations, we analyzed reporter expression and the relative distribution of these astrocyte subpopulations in the cortex of adult (P60-90) eaat2-tdT mingled in other cortical layers makes it unfeasible to selectively isolate subpopulation-specific mRNAs using direct isolation approaches, such as translational ribosome affinity purification (TRAP) approach from these astrocytes. Although the cytoplasmic content can be extracted through the patching pipette for RNA-seq analysis after whole-cell patching using the "Patch-seq" technique (Cadwell et al., 2016) , the much smaller astrocytic soma size (compared to neurons) makes it highly challenging to isolate the intracellular contents of astrocytic soma. A recent study physically dissected different cortical layers and then isolated layer-specific cortical astrocytes from Bac aldh1l1-eGFP mice (Lanjakornsiripan et al., 2018) , which may introduce layer-specific bias due to the inconsistent separation of cortical layers.
Alternatively, because these astrocyte subpopulations are differentially labeled with tdT or eGFP reporters, we isolated these subpopulations F (2, 11) = 116, p < .0001; enpp2 (i), F (2, 6) = 238, p < .0001, and kir4.1 (j), F (2, 9) = 4, p = .04 as determined in one-way ANOVA test from these cortical astrocyte subpopulations; GAPDH mRNA was used as the endogenous control to normalize loading mRNA quantity. n = 3-6 individual FACS samples. p values were determined in the one-way ANOVA and a Tukey post hoc test astrocytes. Particularly, expression levels of nonastrocyte glial marker genes, such as mog and mobp (oligodendrocytes), iba1 and cd11b (Figure 3h,i) .
In addition, we also found that mRNA levels of the kir4.1 gene, one of the major inward-rectifying potassium channels that determine astrocyte membrane potential (Olsen et al., 2007) , were significantly lower in FAC sorted tdT − eGFP + astrocytes than in tdT low eGFP + and tdT high eGFP + astrocytes (Figure 3j ).
| Physiological differences among cortical astroglial subpopulations
Encouraged by the molecular differences among cortical astroglial subpopulations, we next determined whether these astroglial subpopulations exhibit different physiological properties by performing astroglial recording on cortical slices (P21-28) of eaat2-tdT + Bac aldh1l1-eGFP + mice (Figure 4a ). Interestingly, we found that the resting membrane potential ( 
| DISCUSSION
Our current study identified astrocyte subpopulations from the adult cortex based on the expression patterns of tdT and eGFP reporters from two distinct astrocyte reporter mouse lines and analyzed the functional and molecular differences among these cortical astrocyte subpopulations with a combined FACS/RNA-Seq approach. Particularly, the tdT − eGFP + astrocytes appear to be mostly localized in cortical layers I-II with distinct physiological and molecular profiles from astrocytes in other cortical layers. Previous studies have shown that layer I cortical astrocytes tend to be better labeled with GFAP than other cortical astrocytes (Oberheim et al., 2009 ). However, it remains largely unexplored whether the physiological and molecular properties of layer I astrocytes are different from other cortical astrocytes.
During the revision of this article, another study also investigated cortical astrocyte heterogeneity and found layer-specific molecular and morphological diversity of cortical astrocytes (Lanjakornsiripan et al., 2018 (Figure 3a) , suggesting a less-specific molecular identity for this subpopulation of adult cortical astrocytes. We previously showed that the eGFP reporter driven by the aldh1l1 promoter is selectively expressed in astrocytes with no or minimal expression in other glial cells (Yang et al., 2011 which promotes cell growth, survival, and differentiation for the development of the CNS (Moolenaar, Houben, Lee, & van Meeteren, 2013) . PTGDS is the key enzyme for generating prostaglandin D2
(PGD 2 ), a potent neuromodulator especially involved in sleep regulation (Urade & Hayaishi, 2011) and peripheral nervous system (PNS) myelination (Trimarco et al., 2014) .
These molecular and functional differences between tdT − eGFP + (mostly layers I-II) and tdT + eGFP + astrocytes can be attributed to the cell fate timing and progenitor source differences during development.
Layer I cortical astrocytes are generated as early as E12 in rodents (Tabata, 2015) , significantly earlier than cortical astrocytes in other layers, which are typically born at E17 or early postnatally in rodents (Freeman, 2010) . Because of their early generation at a time when the SVZ has not yet been formed, layer I astrocytes are generated at the basal lamina from VZ-derived progenitor cells (Tabata, 2015) . Cortical astrocytes in other layers are mostly generated from initial SVZderived radial glia and massively produced later through a unique local proliferation from newly born immature astrocytes during early postnatal development (Ge et al., 2012) . Notably, SVZ-derived radial glia have also been reported to contribute to the generation of layer I astrocytes in later embryogenesis (Tabata, 2015) . In addition to the intrinsic differences of timing and progenitor source, localized external environment, especially localized neuronal signals, may differentially affect the development and functions of upper-and deeper-layer astrocytes. It is known that neuronal density is substantially lower in cortical layer I than in deep layers (Larkum, 2013; Muralidhar et al., 2013) . The layer I neurons are also mostly GABAergic inhibitory neurons (Larkum, 2013; Muralidhar et al., 2013) , unlike the predominantly glutamatergic neuronal populations in deep layers. Glutamatergic neuronal activity significantly regulates expression of functional perisynaptic astroglial proteins (Morel et al., 2014; Yang et al., 2009 ) and the motility of astroglial processes (Theodosis, Poulain, & Oliet, 2008) .
We previously also showed that selective loss of VGluT1 neuronal glutamatergic signaling selectively impedes the morphological and molecular maturation of cortical astrocytes (Morel et al., 2014) . Consistently, we observed that layer I adult cortical astrocytes exhibit properties of potentially immature astrocytes, such as reduced functional Kir4.1 with increased resting membrane potential and elevated expression of a number of genes including nonastrocytic glial genes, even though the cortical tissues from which astrocytes were molecularly profiled were from adult mice (P60). It is therefore conceivable that the lack of glutamatergic neuronal signaling in cortical layer I contributes to these unique immature properties of layer I astrocytes, even at the adult stage. The role of neuronal signals in directing localized astrocyte molecular and morphological properties is further demonstrated by the selective deletion of Dab1 in cortical neurons, which disrupts layer-specific neuronal migration during early development (Lanjakornsiripan et al., 2018) . It is also likely that there are unique intracellular programs governing the molecular signature and functional properties of layer I astrocytes. Our datasets of the transcriptional regulators from tdT − eGFP + and tdT + eGFP + astrocytes may provide useful clues to understand potential intracellular programs and will be investigated in the future.
